We derive novel constraints on millicharged dark matter and ultralight axion-like particles using pulsar timing and fast radio burst observations. Millicharged dark matter affects the dispersion measure of the time of arrival of radio pulses in a way analogous to free electrons. Light pseudoscalar dark matter, on the other hand, causes the polarization angle of radio signals to oscillate. We show that current and future data can set strong constraints in both cases. For dark matter particles of charge e, these constraints are /m milli 10 −8 eV −1 , for masses m milli 10 −6 eV. For axion-like particles, the analysis of signals from pulsars yields constraints in the axial coupling of the order of g/ma 10 −13 GeV −1 /(10 −22 eV). Both bounds scale as (ρ/ρ dm ) 1/2 if the energy density ρ of the components is a fraction of the total dark matter energy density ρ dm . We do a detailed study of both effects using data from two samples of pulsars in the galaxy and in globular clusters, as well as data from FRB 121102 and PSR J0437−4715. We show that in both cases actual pulsar data constrain a new region of the parameter space for these models, and will improve with future pulsar-timing observations.
We derive novel constraints on millicharged dark matter and ultralight axion-like particles using pulsar timing and fast radio burst observations. Millicharged dark matter affects the dispersion measure of the time of arrival of radio pulses in a way analogous to free electrons. Light pseudoscalar dark matter, on the other hand, causes the polarization angle of radio signals to oscillate. We show that current and future data can set strong constraints in both cases. For dark matter particles of charge e, these constraints are /m milli 10 −8 eV −1 , for masses m milli 10 −6 eV. For axion-like particles, the analysis of signals from pulsars yields constraints in the axial coupling of the order of g/ma 10 −13 GeV −1 /(10 −22 eV). Both bounds scale as (ρ/ρ dm ) 1/2 if the energy density ρ of the components is a fraction of the total dark matter energy density ρ dm . We do a detailed study of both effects using data from two samples of pulsars in the galaxy and in globular clusters, as well as data from FRB 121102 and PSR J0437−4715. We show that in both cases actual pulsar data constrain a new region of the parameter space for these models, and will improve with future pulsar-timing observations.
Unraveling the nature of dark matter (DMa) is among the most urgent issues in fundamental physics. Indirect searches aim at detecting the effects of DMa in astrophysical observations, beyond its pure gravitational interaction. Given the feeble interaction of DMa with standard model fields, precise measurements are particularly promising for these searches. When one requires precision, a particular measurement stands out in astrophysics: the time of arrival (TOA) of radio wave from pulsars and fast radio bursts (FRBs). The use of pulsar timing has already been suggested to study the effects of dark matter [1] [2] [3] [4] [5] [6] [7] [8] [9] . In this Letter we present new results for DMa models directly coupled to light from the propagation of radio pulses from pulsars and FRBs. A more comprehensive exploration will be presented elsewhere [10] .
If DMa is coupled to the electromagnetic field, one expects modifications in the emission, propagation, and detection of radio pulses. We focus here on the effects during the propagation, which are robust under astrophysical uncertainties. In particular, we derive stringent constraints on millicharged DMa and axion-like particles (ALPs) based on dispersion measurements (DM) of radio signals from pulsars and FRBs, and on the modulation of the light polarization angle due to axion-like DMa in the Milky Way.
We give a unified treatment valid for both millicharged DMa and ALPs, considered as independent species. In the former case we consider that (a fraction of) the DMa is made of particles with mass m milli and electric charge q = e ( 1) [11] [12] [13] [14] [15] [16] [17] , whereas in the latter case we assume the existence of axion-like [18] [19] [20] , pseudoscalar DMa. The field equations read
where g is the ALP-photon axial coupling, j ν is the ordinary electron current, whereas j ν milli is the current from millicharged particles. Dispersion in the TOA. We consider the propagation of a light signal of frequency ν = ω/(2π) along the z direction in the presence of a homogeneous background magnetic field polarized along (say) the y direction, B = (0, B, 0). For the first part of this work, DMa is considered as a cold-medium with vanishing background values for the fields appearing in (1)- (2) . When ω m a , the propagation of the light signal in this medium is described by the first-order system i ∂ ∂z |ψ(z) = M |ψ(z) , where the |ψ(z) is a linear combination of the two photon polarizations along the x and y directions and of the ALP state [21] . The 3 × 3 mixing matrix reads [22] 
The off-diagonal terms ∆ xy and ∆ yx give rise to Faraday rotation by mixing the photon polarizations and do not play a role in this section. 
where
is the plasma frequency for particles with charge q i , mass m i , and number density n i . The normal modes corresponding to (3) satisfy
The last term in ∆ ω is always subdominant and we treat it perturbatively.
The TOA of a signal traveling at speed v = ∂ω/∂k
∂ω along the line of sight. From the previous expressions one finds for the relevant polarizations,
In the absence of new physics ( = g = 0), the previous modes propagate with velocity v 0 . For a photon with frequency ν, a background of cold free electrons yields a time delay
relative to a photon with infinite energy. Here DM astro := n e dl is the standard dispersion measure (DM) from electrons with number density n e along the light of sight. Comparing this number with the ALP-photon coupling term in Eq. (7) one sees that the modifications from the interstellar or intergalactic magnetic fields are always negligible and we ignore them in the following. TOA constraints on millicharged DMa. We now focus on the case of millicharged DMa, i.e. g = 0. In this case the DM in (8) is dominated by the sum of the contributions from ordinary electrons and millicharged particles (see also [27] ), DM obs = DM astro + DM milli , where
where ρ milli is the density of millicharged particles, which is equal to or smaller than the DMa density ρ dm . While the effect of DM astro and DM milli are completely degenerate, for a source at a distance d any measurement of the DM can be translated into a conservative upper bound on /m milli by simply requiring that all the DM is due to DMa, i.e. DM milli < DM obs . This yields
where we normalized the quantities by typical values within the galaxy. This estimate gives already a rather stringent bound, which can be refined through a Bayesian analysis. In the following we closely follow [28] . Given our theoretical hypothesis (DM obs = DM astro + DM milli ), and the set of measurements of DM obs from N pulsars, we construct the log-likelihood as
Here σ i is the dispersion for each pulsar, obtained adding in quadrature statistical uncertainties on DM i obs and the astrophysical ones on DM i astro . We used a uniform prior on /m milli > 0 and verified that our results do not depend on this choice.
We shall consider two datasets of pulsars extracted from the ATNF Pulsar Catalogue [29] as explained in the Supplement Material. In both cases we assume a homogeneous DMa density ρ dm ≈ 0.3 GeV/cm 3 . The first dataset comprises N = 13 local pulsars with the smallest values of DM obs /d and for which parallax measurements of the distance d are available.We only choose pulsars located away from the galactic plane. This is to minimize the effect of the evacuation of DMa from the galactic plane for millicharged DMa. While early studies argue that this effect is relevant for 5.4 × 10 −22 m milli eV [16, 30] , a recent study [31] suggests that this bound may be too restrictive. We also consider a second dataset of N cluster = 13 pulsars located in globular clusters within 8 kpc from the galactic center and off the disk, again with the smallest DM obs /d. Distances of clusters can be determined by different methods [32] not relying on the DM, and their uncertainty is usually of a few percent. We therefore assign a conservative error of 10% to the value of d for the pulsars in this second dataset. Even if the effect of the galactic magnetic field on the density of millicharged DMa away from the galactic disk is uncertain, we do not expect DMa to be evacuated at high galactic latitudes, and our analysis should provide realistic constraints.
For each pulsar we compute DM i astro ≈ n e i d i , where n e i is an average electron density along the line of sight obtained using the YMW16 model [33] , while d i is the pulsar distance obtained from parallax (for the first dataset) or from the location of the globular cluster (for the second dataset). In the former case, we assign n e i a 20% error to take into account potential systematics in the electron density model. We perform a Monte-Carlo Markov chain analysis using the Python ensemble sampler Emcee [34] which we compare to other existing bounds in Fig. 1 . For completeness, we also show a similar (weaker) bound estimated from the dispersion of the fast radio burst FRB 121102 [35] . A more comprehensive analysis for FRBs will be presented elsewhere [10] . The mass range in Fig. 1 is limited on the left because the expression (4) is valid as long as the energy of the photon is larger than m milli . For radio waves from pulsars, m dm ω ∼ GHz ∼ 10 −6 eV. Since the bound is more stringent for small masses, these constraints could improve if sub-GHz precision pulsar measurements become available, see e.g. Ref. [36] . Figure 1 shows that our bounds are competitive for masses below the TremaineGunn bound on fermionic DMa, m T G keV [37] . Hence, they apply to scalar charged DMa or to models with a fraction of millicharged fermionic DMa (see Eq. (12) for the scaling of the bound with ρ milli ). Polarization constraints on ALPs. As discussed before, the modification of the TOA from the terms depending on g in Eq. (7) is negligible and we ignore it. Nevertheless, due to their pseudo-scalar nature, ALPs also induce an oscillating variation of light polarization [40] [41] [42] [43] [44] . Parity-symmetry breaking leads to birefringence, i.e. different phase velocities for left-and right-handed modes,
Constraints for ALP DMa in the plane g − ma. The dash-dotted purple line indicates the lower bound set by polarization measurements using real data. The darker gray band indicates the region excluded by CAST experiment [38] and by supernova cooling [39] , while the amaranth pink area indicates the region excluded by MOJAVE VLBA polarization observations of parsec-scale jets from active galaxies [40] .
which in turn induces rotation of the linear polarization plane. At first approximation, we assume the ALP-DMa background in the Milky Way rest frame to be described by the field configuration [45] φ
where σ 0 ≈ 10 −3 corresponds to the virialized velocity of the Milky Way and ϕ v are arbitrary phases. The valueφ 0 changes smoothly with x to reproduce the DMa energy density. For low DMa masses, this field configuration has only slow modes as compared to the wavelength of radio signals and an eikonal approximation can be used to study the propagations of waves in this continous background [46] . The leading result of this calculation yields an effect for the polarization angle of a photon propagating from time t to t + T [40, 41] θ(t, T ) ∼ 1.4×10 −2 sin(m a t+δ) g 10 −12 GeV −1
10
−22 eV m a (14) where δ is a phase over which we will marginalize. The characteristic time scale for the axion background oscillation is T ALP ∼
−22 eV ma yr; if one continuously observes the polarized light from the source during a time t obs T ALP , the observed variation of the polarization angle (14) may constrain the amplitude of the axion oscillations, i.e. the coupling g for a given mass m a . Pulsars are observed for long periods and the polarization angle is measured to be almost constant with a precision of roughly one degree, that can be compared with Eq. (14) . We use the polarization data from Ref. [47] and in particular PSR J0437−4715, which is the pulsar with the highest number of observations of the polarization angle, spanning a period of roughly four years. The ionospheric contribution to the polarization angle was subtracted using the program Getrm-Iono [48] . We performed a likelihood estimation of the coupling g for a set of fixed masses m a . For each value of the mass, we marginalize over the unknown phase δ in Eq. (14) in the interval [−π, π] and then obtained the 95% C.L. exclusion value for g, which is our reported constraint.
The excluded region in Fig. 2 spans roughly four orders of magnitude in the mass range, from m a ∼ 10 −19 eV to m a ∼ 10 −23 eV. The lower limit is set by the total observation time (∼ 4 yr), whereas the upper limit is set by the folding time, that is 64 minutes for J0437−4715. The derived lower bounds scale as 1/m a -with some modulation due to the fact that observations of the polarization angle for J0437−4715 are not homogeneous in time -and is stronger for smaller masses, i.e longer observation time. The bound scales as ∼ √ ρ dm , so it can be competitive even if ALPs form only a small fraction of the DMa. Discussion. Several DMa models introduce dispersion effects in the photon propagation. Although small, these effects accumulate for photons coming from astrophysical sources and can be constrained through precision measurements. The effect of millicharged DMa is degenerate with that of ordinary plasma and improving models for the local plasma distribution will help strengthening the constraints from DM. On the other hand, the effect of ALP-photon coupling is more striking and requires a careful analysis of the TOA as a function of the frequency. In addition, in the upcoming era of the Square Kilometre Array, we will benefit from a much larger pulsar sample (possibly comprising sources near the galactic center, where the DMa density is higher than what assumed here), combined with a significantly improved timing precision [49] [50] [51] . The prospects of using radio waves in probing DMa are very promising in the near future. For ALPs, their coupling to photons generates an oscillation of the polarization angle of photons in the ultra-light DMa case. Our results in Fig. 2 show that, for the mass range 10 −23 − 10 −20 eV, the constraints derived here are the best available and will greatly improve in the future with more data.
We have considered propagation in a weak magnetic field for which dispersion due to the ALP-photon coupling and QED vacuum polarization effects are negligible. However, our formalism can be easily extended to include such effects, which might be relevant for propagation in strongly magnetized regions. A discussion of this effect will appear elsewhere [10] . Note: While this work was close to completion, Ref. [52] appeared on the arXiv, estimating constraints on ALPs using the polarization angle of radio waves from pulsars similar to those derived in the second part of our work. Even though the idea is similar, our analysis, based on real data, is distinct and the results differ from the ones in [52] by roughly a factor 
